Certain fragments of Ml RNA, the catalytic subunit of RNase P from Escherichia coi, either have no enzymatic activity at all or have altered substrate specificity compared with that of the intact catalytic RNA. After simple mixing in vitro, many of these fragments of Ml RNA can reassociate with other fragments to form complexes that have enzymatic activity typical of wild-type Ml RNA. Furthermore, inactive Ml RNA molecules with internal deletions can be complemented in vitro by other inactive derivatives of Ml RNA that have nonoverlapping deletions. Thus, two inactive molecules of Ml RNA can interact to form an active RNA enzyme. Functional attributes can be assigned to various regions of Ml RNA when the reconstitution process is combined with assays for activity with different substrates.
RNase P, the enzyme responsible for the biosynthesis of the 5' termini of mature tRNA molecules in Escherichia coli (1, 2) , is composed of an RNA subunit (Ml RNA) and a protein subunit (C5 protein), both of which are essential for the activity of RNase P in vivo (3) (4) (5) (6) . Ml RNA can carry out the catalytic reaction in vitro (7) and is capable of processing a variety of RNA substrates, such as precursors to tRNAs and to 4.5S RNA, small model substrates, and derivatives ofplant virus RNAs (reviewed in ref. 1) . In this paper we demonstrate that various large regions of Ml RNA can be deleted without loss of ability to catalyze cleavage of some, but not all, substrates. Moreover, using an assay in vitro for the activity of reconstituted Ml RNA, we have confirmed that certain parts of Ml RNA, by contrast with the RNA subunit of RNase P from Bacillus subtilis (8) , are essential for wild-type catalytic activity with specific substrates.
Catalytic RNA activities other than Ml RNA have been reconstituted from RNA fragments with little or no function under "standard" conditions in vitro (9) (10) (11) (12) (13) Construction of Truncated Derivatives of Ml RNA. Plasmid pJA2' (14) was used to generate an EcoRI-HindIII insert that contained the bacteriophage 17 promoter followed by the gene for Ml RNA. This DNA insert was digested with various restriction endonucleases and the appropriate fragments were ligated into pUC19 that had been digested with EcoRI and HindIIl. The ligation mixture was used to transform E. coli DH5a. DNAs from all appropriate transformants were sequenced to verify the extent ofthe deleted sequences. The derivatives of Ml RNA obtained in this way are indicated by the symbol A followed by numbers between square brackets; these numbers indicate the extent of the deletion within the nucleotide sequence of Ml RNA (see Fig. 2A and Fig. 4) .
Preparation of RNA. Plasmids encoding variant Ml RNAs were linearized with appropriate restriction endonucleases and transcribed by 17 RNA polymerase, as described (15 (16) , is about half that of pTyr (Fig. 1) . However, we found that, on the small model substrate pAT1 (derived from tRNAPhC; ref. 17 ), which has a stem-loop structure similar to that of p4.5S, kcat was lower by a factor of 10 whereas Km was essentially unchanged. Thus, the deleted region, nucleotides 273-281, is not essential for activity, though nucleotides 276-279 have been reported to be involved in a phylogenetically conserved pseudoknot interaction (18) . Its (12) .
Two inactive derivatives of Ml RNA that have internal deletions might interact in a complex with a substrate in a way that would "mimic" the active conformation of the wild-type Ml RNA, in particular if a dimer of Ml RNA is the active form of the enzyme (23) in the absence of C5 protein. Indeed, the combination of several pairs of inactive derivatives of Ml RNA that had internal or terminal deletions resulted in the formation of an active enzyme (Fig. 4) (Fig. 3, lanes 5-8) Summary of functional assays with Ml RNA fragments by themselves or in reassociated complexes. All reactions were carried' out in buffer C as described in Materials and Methods. Fragments and complexes were assayed with both pTyr and pAT1 as substrates. A plus sign (+) indicates that P10%t of product or more compared with that generated by intact Ml RNA was produced from either substrate by the complex tested. A minus sign (-) indicates that no activity was recovered; i.e., the RNAs (24), the reconstituted triple complex is more susceptible to loss of its active configuration. In fact, the optimum temperature for the reaction with the two triple, the quadruple, and the top and bottom complexes is between 450C and 500C, whereas that for intact Ml RNA and the complex of the half molecules is between 550C and 60'C (data not shown).
Finally, complexes that contained one half of Ml RNA and the DNA equivalent ofthe other halfofthe Ml sequence were not active (data not shown).
DISCUSSION
The catalytic activity of Ml RNA can be reconstituted from twoor more fragments ofthe enzyme that, by themselves, are inactive with any substrate or are active with only some substrates and that do not necessarily have a previously designated function in the catalytic reaction. This phenomenon offers us the opportunity to learn more about the specific functions of defined pieces of Ml RNA, primarily through studies of substrate specificity, as discussed further below.
The reconstituted complexes, especially those in which there is no obvious interaction of fragments through extensive Watson-Crick base pairing, are fragile and have somewhat lower specific activity than intact Ml RNA.
Reconstitution of other catalytic RNAs from two or more fragments has also been demonstrated in vitro (9) (10) (11) (12) (13) , and analysis of the ribosomes of certain eukaryotes has shown that the ribosomal RNAs of these organelles are assembled from multiple subfragments (26) . In several of these cases also, Watson-Crick base pairing cannot always account for the stability of the new complexes. Indeed, the nature of the interactions that hold these complexes together is unknown. They may resemble the interactions that define the tertiary structure of tRNAs (27) , in the sense that hydrogen bonding to sugar moieties of bases or to phosphate residues, stacking interactions, and non-Watson-Crick base-pairing schemes all come into play.
That reconstituted complexes, in most cases, have the ability to work reasonably efficiently with both precursor tRNA and other RNA substrates, whereas the starting fragments frequently cannot do so, indicates that the assignment of specific functions to certain fragments of Ml RNA is justifiable. [In fact, the substrates themselves may interact with specific regions of Ml RNA, or fragments thereof, in determining the structure of the active site of the enzyme, as has been suggested previously (14) .] For example, Ml RNA fragments that were unable to cleave pTyr were still able to process p4.5S (e.g., A[94-204] RNA). These derivatives, we propose, lack a region of Ml RNA that participates in an obligatory unfolding of the tertiary structure of pTyr that occurs prior to the subsequent, chemical steps ofthe catalytic reaction. This inference is strengthened by the fact that, in reconstituted complexes that now contain the missing sequences in question, the ability to act on pTyr is regained. Similarly, the deletion of a single nucleotide, A65, appears to alter the surrounding region in Ml RNA sufficiently to eliminate all ability to cleave p4.5S, whether or not C5 protein is present: this function is regained if the affected region is supplied by another fragment in the reconstituted complex. Of course, some very large deletions in Ml RNA completely abolish catalytic activity also.
We note that some active complexes listed in Fig. 4 lack certain nucleotide sequences found in intact Ml RNAnamely, nucleotides 156-163, 94-108, 156-204, 273-281, and 273-290 (in separate experiments we have found that nucleotides 45-54 and 256-263 are also not essential for activity). These sequences may participate in minor ways in optimizing the normal function of Ml RNA. In other complexes, which were judged to be entirely inactive, some of these same sequences, as well as others, are also missing: some combinations will never reassociate in the correct manner. However, many complexes did exhibit activity, and the variety of their composition shows how accommodating the spatial organization of sequences responsible for particular functions of Ml RNA can be. Our results do indicate that the regions in Ml RNA important for the preservation of any catalytic activity reside in the nucleotide sequences 1-45, 54-92, 204-273, and 290-377. These sequences encompass phylogenetically conserved structures (21, 28) , regions important in substrate recognition (14) and in the binding of Mg2+ ions (25) .
We previously reported (29) that certain derivatives, with up to 122 nucleotides absent from the 3' terminus of the Ml RNA sequence, still exhibited low levels of activity. In our most recent experiments, derivatives with 3' terminal deletions, prepared by transcription in vitro from defined fragments of DNA and without extra terminal nucleotides, were inactive. We ascribe the activity seen previously to the presence ofplasmid-derived terminal sequences or, in certain cases, to low levels of contaminating, uniformly labeled fragments, of the same size, that were capable of reassociating with other fragments to form active complexes.
In 
